Introduction
Mechanical ventilation and ventilation support is not only essential as a life-saving measure but also crucial as a long-term treatment for patients with severe lung diseases. Therefore, artificial ventilation should be as gentle as possible to protect the sensitive lung tissue and to avoid extended treatment duration. To investigate new and more protective ventilation strategies, detailed knowledge about lung tissue mechanics and dynamics on an alveolar level is necessary. Optical coherence tomography (OCT) is a suitable tool to investigate alveolar structures with a high spatial resolution and without any side effects on biological samples [1] . It can be used as a non-invasive and contactless imaging modality to investigate lung function in animal experiments. OCT is based on near-infrared light to increase penetration depth into tissue due to the optical window of water for wavelengths from 800 to 1200 nm. For imaging lung tissue, the main limitation of OCT is the scattering loss of the back reflected near-infrared light in higher depth of the sample due to the change of refractive index at each air tissue interface. To overcome these limitations and to reduce image artifacts, the air inside the lunge tissue can be replaced by liquid to match the refractive index inside the alveoli to the one of the surrounding tissue. This can be done by using the concept of total liquid ventilation (TLV) for in vivo experiments [2] . Using perfluorocarbons and a special liquid ventilator, OCT image quality of alveolar structures can be considerably increased compared to air-filled lung images. Here, we show the developed ventilator prototype and first results of lung tissue imaging with OCT during air and liquid ventilation.
Methods
A Fourier domain OCT (FD-OCT) system in combination with an intravital microscopy setup (IVM) was used for imaging lung tissue [3] . This system allows simultaneous acquisition of 2D IVM images and 3D OCT data. The FD-OCT system uses a superluminescence diode centered at 845 nm with a full width at half maximum of 50 nm. The system provides a resolution of 10 µm and 7 µm axial and lateral in air, respectively. The A-scan rate is 12 kHz, which allows the acquisition of a cross section (320 x 512 Pixel, 1.28 x 2.56 mm) within 29 ms.
All experiments were performed on rats in accordance with the Guide for Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, 7th edition, 1996). To verify the prototype functions and for imaging alveoli as realistic as possible, an in vivo rodent model was utilized, which is described in detail by Tabuchi et al. [5] , in which lung imaging can be done through a dissected thoracic window.
Perfluorodecalin (C 10 F 18 ; F2 Chemicals Ltd) was used as liquid breathing medium because it has a high transport capacity for oxygen and carbon dioxide. The refractive index (n = 1.31) is nearly the same as the one of the surrounding tissue (n ≈ 1.38) to achieve refractive index matching for improved OCT image quality.
The ventilator prototype used for the animal experiments consists of three main parts. The supply unit maintains temperature of the breathing medium and saturates it with oxygen in a membrane oxygenator. The control unit provides user interface and visualizes all ventilation settings and parameters. The ventilation unit consists of two independent syringe pumps and pinch valves for flow direction. Each ventilation cycle is time-controlled by custommade software in a volume-or pressure-controlled manner. The main components are shown in Figure 1 . This setup can be used for air and liquid ventilation without disconnecting the animal from the ventilator. Figure 1 : Schematic of the ventilator prototype for air and liquid ventilation. Inspiration and expiration unit consist of high precision linear stages (3) and common syringes (1). Two pinch valves (2) were used for flow direction. Ventilation is time-controlled by a custom-made software and volume-or pressure-controlled ventilation modes are available.
Other components: pressure transducer (4), operation table (5), peristaltic pump (6), oxygenator (7), CO 2 absorbance (8), membrane pump (9), manual valve (10), thermostat (11)
Results
During total liquid ventilation, the whole rat lung is filled with liquid after approximately 20 to 30 minutes. Figure 2 shows the transition from a liquid-filled to an air-filled area after 15 minutes of total liquid ventilation. Penetration depth and structural resolution is considerably improved in the liquid-filled area because the refractive index is matched to the one of the surrounding tissue due to the liquid-filling. The refractive index matching causes a loss of contrast for IVM imaging, so it becomes difficult to distinguish tissue borders and to obtain alveolar structures during mechanical ventilation with this imaging technique. Figure 2 : Transition from a liquid-filled to an air-filled lung area in intra-vital microscopy and optical coherence tomography. The liquid-filled area provides higher information content and decreased image artifacts for OCT imaging, whereas image quality in the microscopic image is decreased due to the liquid-filling. Scale bar 150 µm.
Due to the reduced image artifacts caused by scattering, the information content for OCT can be increased for the investigation of alveolar mechanics and dynamics showing the effects on surrounding alveoli also in deeper sample regions. Figure 3 shows the comparison of a 3D OCT image of an air-filled and a liquid-filled rat lung at 10 mbar. The penetration depth is tripled from 220 µm in the air-filled lung to 700 µm in the liquid-filled lung. While in the air-filled lung only the first layer of alveoli can be used for quantitative analysis of geometrical changes during mechanical ventilation, from the liquidfilled images major regions and whole clusters of alveoli can be investigated to get new insights into lung mechanics on the alveolar level. OCT image of rat lung tissue. Both datasets were taken at same pressure step of 10 mbar. Structural resolution is considerably increased in the liquid-filled image due to the reduction of image artifacts caused by scattering. Penetration depth is nearly three-times higher due to the refractive index matching using total liquid ventilation.
Discussion
The combination of OCT and TLV seems to be a promising approach to overcome the disadvantages of imaging isolated and fixed organs [3] . However, the effects of total liquid ventilation on the lung tissue geometry still have to be investigated in further studies. Also the comparability between OCT data from air-filled and liquid-filled lung tissue has to be assured. The investigation of tissue behaviour during mechanical ventilation in healthy and injured lungs will be the first step for the investigation and development of new and more protective ventilation strategies for humans. Using total liquid ventilation for in vivo experiments, will give new insights into lung function on an alveolar level more detailed than before. Furthermore, other medical questions could be investigated like the possibility of drug delivery using perfluorocarbons, the effects of liquid breathing fluids on surfactant or causes for infection and the effect of TLV on lung tissue in different disease models.
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